Background: Low levels of serum adiponectin have been linked to central obesity, insulin resistance, metabolic syndrome, and type 2 diabetes. Variants in ADIPOQ, the gene encoding adiponectin, have been shown to influence serum adiponectin concentration, and along with variants in the adiponectin receptors (ADIPOR1 and ADIPOR2) have been implicated in metabolic syndrome and type 2 diabetes. This study aimed to comprehensively investigate the association of common variants in ADIPOQ, ADIPOR1 and ADIPOR2 with serum adiponectin and insulin resistance syndromes in a large cohort of European-Australian individuals. Methods: Sixty-four tagging single nucleotide polymorphisms in ADIPOQ, ADIPOR1 and ADIPOR2 were genotyped in two general population cohorts consisting of 2,355 subjects, and one cohort of 967 subjects with type 2 diabetes. The association of tagSNPs with outcomes were evaluated using linear or logistic modelling. Meta-analysis of the three cohorts was performed by random-effects modelling.
Background
Adiponectin is the most abundant adipose tissue-derived cytokine. It has anti-inflammatory, anti-diabetic and antiatherogenic properties, and low circulating levels are associated with central obesity, insulin resistance, metabolic syndrome (MetS), and type 2 diabetes (T2D) [1] .
Serum adiponectin concentrations are highly heritable, and a number of genome-wide association studies (GWAS) have identified ADIPOQ, the gene encoding adiponectin, as the main locus contributing to variations in serum levels in European and Asian populations [2] [3] [4] [5] . Cross-sectional studies in healthy and diabetic populations have provided further evidence for the association of single nucleotide polymorphisms (SNPs) in ADIPOQ with serum adiponectin concentrations [6] [7] [8] [9] [10] . Several studies have linked ADIPOQ variants to T2D and MetS, although the results to date have been discordant and not replicated across whole populations [5, [8] [9] [10] [11] [12] . Nevertheless, examining the genes which affect serum adiponectin levels may help to confirm adiponectin as a cause or consequence of MetS and T2D using a Mendelian randomisation approach [13] .
Adiponectin cellular signalling is mediated by two adiponectin receptors. The genes for these (ADIPOR1 and ADIPOR2), although generally not associated with serum adiponectin, have themselves been implicated in insulin resistance and T2D risk in genetic association studies, but also with inconsistent results [14] [15] [16] [17] [18] .
In light of this background, the aims of the present study were i) to examine the evidence for association between total serum adiponectin levels and variants in ADIPOQ and ADIPOR1/R2 using a comprehensive tagSNP approach and haplotype-based analysis, ii) to assess associations between SNPs in these genes and total serum adiponectin concentrations in large, well-characterised and independent Western Australian cohorts (two general population and one adult T2D cohort), and iii) to investigate the relationship between gene variants found to be associated with adiponectin levels and relevant clinical outcomes including MetS and T2D.
Methods

Subjects
This study examined subjects from three Western Australian cohorts: the Busselton Population Health Survey (BHS) [19] , the Carotid Ultrasound Disease Assessment Study (CUDAS) [20] and the Fremantle Diabetes Study (FDS) [21] .
The BHS and CUDAS cohorts are representative of the general population and do not contain individuals with T2D, while FDS contains individuals with T2D who are representative of people with diabetes in an urban Australian setting. These cohorts are predominantly European-Australian. The present study was restricted to individuals who had both serum adiponectin and genotyping data available.
The subset of the BHS cohort with available data consisted of 1,322 unrelated adult individuals who were recruited as part of a larger cross-sectional community study in 1994/1995 [22] . The CUDAS cohort comprised 1,033 individuals selected from a random electoral survey from the Perth metropolitan area [20] . The FDS cohort of 967 diabetic individuals was recruited from a longitudinal observational study [21] . All study participants gave written informed consent, and the study protocol was approved by the University of Western Australia Human Research Ethics Committee, the Busselton Population Medical Research Foundation, and the Human Rights Committee at Fremantle Hospital.
Biochemical and anthropomorphic analyses
A fasting blood sample was obtained from each subject. Total serum adiponectin levels were measured by a commercially available quantitative sandwich enzyme immunoassay technique (R&D Systems Inc., Minneapolis, Minnesota, USA). The intra-assay coefficients of variation ranged from 2.1 to 4.3% and the inter-assay coefficients of variation ranged from 5.4 to 9.6%. Plasma glucose, insulin, total cholesterol, LDL-and HDL-cholesterol, and triglycerides were determined by standard methods [19] [20] [21] . Insulin resistance (IR) was determined using the homeostatic model of assessment scores (lnHOMA-IR) [23] . Anthropometric measurements and resting blood pressure were taken according to standard clinical procedures. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 . Metabolic syndrome (MetS) was defined according to the recently updated National Cholesterol Education Program (NCEP) criteria [24] . Individuals with three or more of the following criteria were classified as having MetS: increased waist circumference (≥102 cm in men, ≥88 cm in women), hypertriglyceridaemia ≥1.70 mmol/L (≥150 mg/dL), low HDL-cholesterol <1.00 mmol/L in men and <1.3 mmol/L in women (<40 mg/dL and <50 mg/dL), high blood pressure (systolic ≥130 and/or diastolic ≥85 mm Hg, or current use of antihypertensive therapy) and high fasting glucose ≥5.6 mmol/L (≥100 mg/dL). Data for clinical and demographic characteristics (Table 1) are given as proportions, mean±SD, or geometric mean (SD range).
Selection and genotyping of tSNPs
A tagSNP (tSNP) approach (r 2 ≥0.80, minor allele frequency ≥5%) was used to explore the genetic variation in ADIPOQ, ADIPOR1, and ADIPOR2. tSNPs were selected using Haploview to represent the common genetic variation of each gene, including an additional 10 kb upstream and downstream, as well as variants previously reported in the literature to be associated with serum adiponectin levels. Sixty-four tSNPs in ADIPOQ (8), ADIPOR1 and ADIPOR2 (15, 16) were selected and genotyped based on this approach (Additional file 1). Genotyping was performed on an Illumina BeadStation using the GoldenGate technology. DNA samples from CEPH trios (obtained from the Coriell Cell Repository) served as internal controls for quality of clustering and reproducibility. A random (10%) sample was analysed in duplicate, with reproducibility found to be 100% for the Busselton population and 99.9% for both CUDAS and FDS populations. Individual SNP concordance rates were between 99.3 and 100%. Deviations from Hardy-Weinberg equilibrium (HWE) (P<0.05) were examined for each tSNP using Fisher's exact test, and minor allele frequencies determined for each cohort.
Analysis of association between tSNPs and adiponectin levels
Adiponectin levels were normalised using a natural logarithm transformation prior to analysis. Associations between transformed values and genotypes at each tSNP were examined using a generalised linear model approach implemented in SimHap [25] . Each polymorphism was modelled as a genotypic (codominant) genetic effect, accommodating the effects of age, gender, and BMI as significant covariates. We determined marginal geometric mean values of adiponectin according to genotype at each tSNP using SimHap. We corrected for the multiple testing inherent in this study using the false discovery rate method, and provide q-values [26] (Additional file 2). Statistical significance was defined at α<0.05.
We used Haploview [27] to determine the linkage disequilibrium (LD) between the selected tSNPs and characterise the haplotype block structure. Haplotypes were inferred for individuals with ambiguous phase and haplotype frequencies were estimated using an expectation- maximization algorithm as implemented in SimHap.
Haplotypes were recorded as independent factors into three classes (0, 1, or 2), representing the number of copies of each haplotype in an individual's diplotype. The effect of each individual haplotype was calculated relative to not having that haplotype. To investigate associations with serum adiponectin, common haplotypes (frequency >5%) were examined using a codominant model adjusted for age, gender and BMI (Additional file 3). Meta-analysis of the ADIPOQ polymorphisms against total serum adiponectin in the three cohorts was carried out using the rmeta package in R version 2.8.0. All three cohorts were pooled after checking for genetic heterogeneity for each tSNP. Random-effects modelling were used for the meta-analysis as we assumed that the cohorts would be heterogeneous.
Analysis of association between tSNPs and T2D, lnHOMA-IR and MetS
Associations between tSNPs and T2D, log transformed HOMA-IR (lnHOMA-IR) and MetS were evaluated in SimHap using a codominant model corrected for age, gender and BMI. For T2D, the FDS cohort was compared to control individuals without a history of diabetes from the combined BHS and CUDAS cohorts. LnHOMA-IR was modelled as a quantitative outcome, while MetS was analysed as an ordinal outcome in the BHS and CUDAS cohorts for the number of MetS criteria met. In addition to investigating the tSNPs independently, an allele score was created by summing the number of risk alleles an individual had in those tSNPs that were shown to be associated with adiponectin levels in the meta-analysis.
Power analysis
A power calculation, performed in the Quanto software [28] , indicated that this study has at least 90% power at an alpha level of p=0.05 to detect an odds ratio for diabetes (population risk of 10%) of 1.45 for a minor allele frequency of 0.05 and an odds ratio of 1.2 for a minor allele frequency of 0.45, under an additive genetic model.
Results
Sample characteristics
A total of 3,322 subjects from the three cohorts were included ( Table 1 ). As expected, the two general populationbased cohorts differed significantly to the diabetic cohort in cardiometabolic risk characteristics, reflecting the different recruitment criteria. The BHS and CUDAS populations were similar with regards serum adiponectin concentrations, age and BMI. Compared with the BHS and CUDAS cohorts, the FDS population was older, had lower serum adiponectin concentrations, and had higher BMI and systolic blood pressure. In all three cohorts, females had higher serum adiponectin concentrations than males.
Genotype distribution and linkage disequilibrium
Of the sixty-four genotyped tSNPs, five failed and six were monomorphic, leaving fifty-three that were included in the association analyses (21 in ADIPOQ, 13 in ADIPOR1, and 19 in ADIPOR2). Details of these tSNPs including genotype and allele frequencies are reported in Additional file 1. Allele frequencies for all tSNPs were similar to those reported in HapMap (http://hapmap.ncbi.nlm.nih.gov/). The genotype distribution of each tSNP was consistent with HWE in all populations, with the following exceptions: two tSNPs in BHS (ADIPOR1 rs75114693 and ADIPOR1 rs6666089) and one tSNP in CUDAS (ADIPOR1 rs6666089) (all P<0.05).
Analysis of pairwise LD in ADIPOQ showed three LD blocks (Figure 1 ), which were similar between all three cohorts. Haplotypes were analysed within each block for association with the outcomes of interest. A strong correlation (D'>0.90 and r 2 >0.8) was found between tSNPs rs6810075 and rs1648707, rs864265 and rs860291, rs822387 and rs16861209, rs822391 and rs822396, and rs2241766 and rs1063537 within each cohort. Statistical analysis showed that the effects of each of these tSNP pairs on adiponectin levels were identical, and for this reason we chose to report on only one tSNP from each pair: rs1648707, rs860291, rs16861209, rs822396 and rs1063537. There was no interaction between gender and any of the genetic variants, so males and females were combined for all subsequent analyses.
Association of single tSNPs with serum adiponectin
Age, gender and BMI accounted for 35.5% of the variation in serum adiponectin in the BHS cohort, 33.2% in CUDAS, and 22.0% in FDS. After adjustment for these covariates and, under a codominant model, eight tSNPs in ADIPOQ were significantly associated with serum adiponectin in the BHS cohort: rs12637534, rs1648707, rs16861209, rs17366568, rs3774261, rs1063537, rs6444175 and rs17373414 (all q<0.05). Of these, four were significant in CUDAS (rs1648707, rs16861209, rs3774261, and rs6444175), and two in FDS (rs16861209 and rs17366568). Full results (for these eight SNPs) for each cohort, including the data for tSNPs in LD, are shown in Additional file 2. None of the tSNPs in ADIPOR1/R2 were associated with serum adiponectin in any of the cohorts.
After adjustment for age, gender and BMI, tSNPs rs12637534, rs16861209 and rs17366568 accounted for 4.8% of the variance in serum adiponectin in BHS, rs1648707 and rs16861209 explained 2.9% of the variance in CUDAS, and rs16861209 and rs17366568 accounted for 1.7% in FDS. The minor allele at rs16861209 (A allele) was consistently associated with increased serum adiponectin across all three cohorts, specifically 3.7 mg/L in BHS, 2.7 mg/L in CUDAS and 1.3 mg/L in FDS (Additional file 2).
Meta-analysis of all ADIPOQ tSNPs in our three cohorts is shown in Table 2 . tSNPs in LD gave identical results so only data for one tSNP from each pair are presented. As FDS displayed different mean levels of adiponectin and other quantative traits, a second metaanalysis was conducted without the FDS study and similar results were found (data not shown).
The meta-analysis showed a consistent, homogeneous effect of seven of the eight tSNPs associated with serum adiponectin in the BHS cohort (q<0.05). tSNP rs1063537 (and rs2241766 via strong LD) showed significant evidence of heterogeneity (P=0.001), indicating differences between the cohorts at this marker. Two additional tSNPs (rs10937273 and rs822395) were also associated with serum adiponectin in the meta-analysis of the three combined cohorts. Carriage of the minor alleles at rs12637534, rs1648707 and rs17366568 was associated with lower serum adiponectin levels (P<1×10 -5 ), while the minor alleles at rs10937273, rs16861209, rs822395, rs3774261, rs6444175 and rs17373414 was associated with higher serum adiponectin levels (P≤0.02).
To determine which of the 9 SNPs identified in the meta-analysis independently contribute to adiponectin variation, we conducted a conditional regression analysis in all three cohorts; this analysis showed that 3 of the top 9 SNPs were independently associated with adiponectin levels in the BHS, including rs12637534, rs16861209 and rs17366568. Similar results were found in the other two studies, where both rs16861209 and rs17366568 remained significant in FDS, while rs16861209, rs17366568 and rs1648707 were significant in CUDAS.
Associations of haplotypes with serum adiponectin
Associations between the most frequent haplotypes and serum adiponectin were analysed after correcting for age, gender and BMI in each cohort (data not shown). All cohorts were combined and meta-analysis performed on these haplotypes using random effects modelling ( Table 3 ). The haplotype-based associations were consistent with the results from the single tSNP analyses.
In block 1, five common haplotypes were observed that significantly affected serum adiponectin. Haplotypes carrying the major allele at rs12637534 and rs1648707 (A-A) were found to increase serum adiponectin (all P≤9.20×10 -3 ), with the exception of the GAAT haplotype where one copy was associated with decreased serum adiponectin concentrations (P=0.03). The opposite was true for carriage of the minor allele at each of these tSNPs, with one copy of GGCG associated with a significantly decreased serum adiponectin (P=8.22×10 -7 ). One haplotype, GACG, carrying the major allele at rs12637534 (A) and minor allele at rs1648707 (C), was also associated with a decreased serum adiponectin, suggesting that the effect of rs1648707 may be stronger than rs12637534. This seems likely given the lower minor allele frequency of rs12637534 compared to rs1648707 (8% vs 34%). In block 2, the CCATCAG haplotype (frequency 8%) carrying the minor alleles at rs16861209 (A) and rs822395 (C) (both associated with a higher serum adiponectin) was found to be significantly associated with serum adiponectin (P=5.11×10 -15 ). This haplotype was found to be significant in each cohort and explained 2.3% of the variation in levels in BHS, 2.0% in CUDAS and 0.7% in FDS. Conversely, three haplotypes carrying the major allele at rs16861209 (associated with a lower serum adiponectin) were found to be significantly associated with a decreased serum adiponectin (all P≤3.11×10 -2 ).
Two haplotypes in block 3 were significantly associated with serum adiponectin in the meta-analysis, and in each individual cohort. The TTACA haplotype (frequency~25%) was associated with increased levels and TTGCG (frequency~6%) with decreased levels (P≤4×10 -4 and P≤2.87×10 -12 , respectively). The TTACA haplotype carries the minor allele (A allele) at both rs3774261 and rs6444175 that was shown in the single tSNP analyses to be associated with increased serum adiponectin, while TTGCG carries the major allele at each of these tSNPs and has the opposite effect on levels, again showing consistency between single tSNP and haplotype analysis. This haplotype accounted for 2.3% of the variation in levels in BHS, 0.7% in CUDAS and 0.6% in FDS. The more common TTACA haplotype only accounted for between 0.3 and 0.7% of the variation in levels across all three cohorts.
In all haplotype blocks, the single SNPs tagging the block accounted for the same, or slightly more of the variation in adiponectin levels than the haplotype block itself (difference of between 0-0.8% between the tSNPs and the haplotypes).
Association of tSNPs with T2D, lnHOMA-IR and MetS
No significant associations were detected between genetic variants in ADIPOQ, or ADIPOR1/R2, and lnHOMA-IR or MetS in any cohort after correction for age, gender and BMI. We also found no association between the ADIPOQ and ADIPOR1/R2 genetic variants and T2D in the case: control analysis (results not shown).
There was a significant association between the allele score of the top nine SNPs and T2D in the case-control study without adjusting for adiponectin levels (OR=0.94, 95% CI= (0.91,0.98), P=0.0015) and this association strengthened after adjusting for adiponectin levels (OR=0.92, 95% CI=(0.89, 0.96), P=2.43×10 -5 ). The allele score of the 3 independent SNPs; rs12637534, rs16861209, rs17366568, were significantly associated with T2D only after adjusting for adiponectin levels (OR=0.86, 95% CI=(0.75, 0.99), P=0.0134).
Discussion
The present study reports associations between total serum adiponectin concentrations and a range of genetic variations and haplotypes in the adiponectin gene (ADIPOQ) and genes for adiponectin receptors 1 and 2 (ADIPOR1/R2) in three independent European-Australian population-based cohorts. Several genetic variants in ADIPOQ, but not ADIPOR1/R2, were associated with serum adiponectin. These associations were consistent across the three cohorts and showed similar results for tSNP and haplotype-based analysis. After adjusting for age, gender, and BMI, variants in the ADIPOQ gene accounted for only 3.9% of the variation in serum adiponectin in the combined general population cohorts and 1.7% in the diabetic sample. There was also no association between tSNPs or haplotypes of ADIPOQ, and ADIPOR1/ R2 with T2D, insulin resistance assessed by lnHOMA-IR, or MetS.
This relatively large study confirms that ADIPOQ tSNPs are significantly associated with serum adiponectin. We found the minor alleles at rs12637534, rs1648707/ rs6810075 and rs17366568 to be associated with lower serum adiponectin concentration (P<1×10 -5 ), while the minor alleles at rs10937273, rs16861209/rs822387, rs822395, rs3774261, rs6444175 and rs17373414 were associated with higher levels (P≤0.02). These associations and their direction are consistent with the hypothesis that circulating adiponectin levels are in part determined by genetic influences [3] [4] [5] [6] [7] 9, 10, [29] [30] [31] .
We failed to replicate previous findings in the literature for ADIPOQ SNPs rs2241766, rs1063537 and rs3821799 that have been reported in two large GWAS [3, 31] , but not supported by other studies [4, 8] . In addition, there were three tSNPs (rs266729, rs62625753 and rs17366743) reported as associated with serum adiponectin that did not show a significant association with adiponectin levels in the present study. LD data available from Heid et al. [3] show that rs266729 is correlated (r 2 >0.60, D'>0.80) with tSNPs which were significant in our study (rs6810075, rs182052 and rs1648707).
The lack of replication of the association between adiponectin levels and SNPs previously identified in GWAS is intriguing. As several rare population-specific coding variants have been reported to be strongly associated with adiponectin level [6, 32, 33] One possible explanation for the observed discrepancies may be due to synthetic associations i.e. the fact that population-specific rare variants are in partial linkage disequilibrium with common variants [34] .
In the present study, the significantly associated tSNPs were located across all regions of the gene, including the promoter, exonic, intronic and 3 0 -untranslated regions. Interestingly, all of the tSNPs downstream of exon 2 were associated with an increased serum adiponectin.
We observed no association between ADIPOR1/R2 variants and serum adiponectin which is consistent with most other studies [14, [35] [36] [37] . Recent genome-wide studies have identified variants in a third adiponectin receptor, T-cadherin, that affect circulating adiponectin [2, 4, 38, 39] . T-cadherin, encoded by CDH13, is a receptor for hexameric and high-molecular-weight adiponectin, but not for the trimeric or globular species as measured in the present study. Nevertheless, variants in CDH13 warrant further investigation.
Despite the fact that ADIPOQ variants are associated with a modest amount of variance in total serum adiponectin (<5%), interventions aimed at the encoded protein may affect secreted adiponectin to a much greater extent. Indeed, the thiazolidinediones have been shown to increase circulating adiponectin 2-2.5 fold in patients with diabetes, although the exact mechanism of action remains unknown. Other population studies have reported similar quantitatively small effects of ADIPOQ SNPs, and show that there are a large number of SNPs contributing independently to the variation [3, 7, 40] . A recent large multiethnic GWAS identified ten new loci, in addition to ADIPOQ and CDH13, that affect circulating adiponectin, but the combined multi-SNP genotypic risk score only explained 5% of the variance in serum adiponectin [31] . The high heritability estimates for adiponectin may be explained by as-yet undiscovered rare variants with strong effects, additional unknown common loci with small effects, epigenetic mechanisms, or by copy number variations (CNVs). ADIPOQ contains a high number of CNVs and the effect of these on circulating adiponectin is unknown. Complete sequencing of the ADIPOQ locus has been performed in a large population where seven SNPs were shown to influence adiponectin levels but the authors found no evidence of an association between these SNPs and T2D in a diabetic case control study [33] .
Recently, studies have identified rare population-specific mutations that account for 17% of the variance in serum adiponectin [32, 41] . Further analysis of gene-gene and gene-environment interactions may explain the remaining heritability.
Despite putative effects of the adiponectin receptors on tissue adiponectin activity, we found no evidence that tSNPs in ADIPOQ, or ADIPOR1/R2 were associated with either insulin resistance, or MetS. This supports the findings of two other studies [5, 33] . However, we did find a significant association between the allele score of the top nine SNPs and T2D in the case-control study without adjusting for adiponectin levels. Multi-SNP genotypic risk score for adiponectin-decreasing alleles has been associated with BMI, WHR, fasting insulin, HOMA-IR, 2-hour post OGTT glucose, T2D, triglycerides and HDL-cholesterol [31] . In the current study a post-hoc analysis revealed that adjusting for adiponectin levels strengthened the association with 3 independent SNPs, rs12637534, rs16861209, rs17366568 and T2D. The strengthening of this association provides strong evidence that the genetic determinants of adiponectin levels are shared with T2D using a Mendelian randomisation approach [13] .
There have been numerous studies investigating the association of adiponectin gene and related polymorphisms with T2D. Two recent large meta-analyses showed that the G vs C allele of rs266729 might be a risk factor for T2D [42, 43] , while the rs17300539 A allele was shown to be a risk factor only in European Caucasians [43] . The latter SNP is in complete LD with rs16861209 that we have identified in our Caucasian populations.
The limitations of this study include the use of a single baseline serum adiponectin measurement which may not fully characterise long-term adiponectin exposure and effects. Nevertheless, other prospective studies Table 3 Meta-analysis of the association between ADIPOQ haplotypes and serum adiponectin in our combined cohort of 3,431 individuals (Continued) that analysed repeated serum adiponectin measurements, on average one year apart, reported high intraclass correlations above 0.71 [35, 44] , indicating high reproducibility of serum adiponectin levels. In the present study, total serum adiponectin levels were measured, whereas recent evidence suggests that the high molecular-weight form of adiponectin, rather than the low molecular-weight forms, may be the bioactive protein [45] .
